Abstract -The growing application and the numerous qualities of induction motors (IM) in industrial processes that require high security and reliability levels has led to the development of multiple methods for early fault detection. However, various faults can occur, such as stator short-circuits and rotor failures. Traditionally the diagnosis machine is done through a sinusoidal power supply, in the present paper we study experimentally the effects of the rotor failures, such as broken rotor bars in function of the ac supplying, the load and show the impact of the converter from diagnosis of the machine. The technique diagnosis used is based on the spectral analysis of stator currents or stator voltages respectively according to the types of induction motor ac supplying. So, four different ac supplying are considered:
Introduction
The applications of induction motors are widespread. Some are key elements in assuring the continuity of the process and production chains of many industries. The list of the applications take place in industries related to electricity, mining, petrochemical products and domestic appliances. Induction motors are often used in critical applications such as nuclear plants, as well as aerospace and military applications, where the reliability is important. The induction motors must be used in hostile environments such as corrosive and dusty places. They are also exposed to a variety of undesirable conditions and situations such as incorrect operations. These unwanted conditions can cause the induction motor to go into a failure period, which may result in an unserviceable condition of the motor.
As other rotating machines, electric motors are not available at all times because several electric machine components can be affected by failures. So, since last decade, many research studies were carried out on rotor bar faults and on the development of diagnosis techniques applied to three-phase squirrel-cage induction machines [1] [2] [3] [4] [5] .
Among rotor defects, the break of rotor bars or of an end ring portion may occur. The problem researchers is that direct measurement of rotor variables is not possible for a squirrel-cage induction motor. The developed diagnosis strategy relies on the stator currents or voltages monitoring and is based here on the spectral analysis of rotor defects signatures so as to detect early failure. Only the case of rotor broken bars is studied in the present paper.
This diagnosis method is very advantageous thanks to its non-invasive properties. From the analysis of the defects signatures, the stop of the production process line, where the induction motor is used, can be programmed to replace the failing element before the breakdown becomes very serious and may yield causing dramatic consequences an the industrial process [6, 7] .
Space vector pulse width modulation (SVPWM)
A three-phase voltage source PWM inverter system is shown in Fig. 1 . For the three phases inverter, there are eight combinations (vectors) of the ON and OFF states of the inverter switches S 1 to S 6 .
Six of these eight are non-zero base vectors (V 1 toV 6 ) and are shown in Fig. 1 . Two other vectors not shown in the figure are V 0 and V 7 , are the zero vectors corresponding to states 0 (0 0 0) and 7 (1 1 1) of the switching variables. The base vectors divide the cycle into six (60° wide sectors). Let us assume that an arbitrary voltage V* is to be generated by the inverter. The desired voltage V*, located in any sector, can be approximated as the linear combination of the adjacent base vectors V x and V y along with one of the two zero vectors as in equation (1) given below: [8] 
where z V is the zero vector and dx , dy and dz denote the duty ratios of states, X, Y and Z within one PWM cycle. The duty ratios must add up to 100% of the PWM switching period, i.e.
Vector V* in Fig. 1 can also be written as:
where M is the modulation index and Taking dc V as the base for per unit calculations, the following vectors can be written:
Substituting the above vectors in equation (3) gives: 
Also, the duration of the zero vectors from equation (2) is given by:
The simple algebric equation (6) and (7), allow realtime computation of the duty ratios of the consecutive logic states of the inverter. These same equations apply to any sector, since the d-q reference frame can be aligned with any base vector. The compare values T a , T b and T c can be written as:
Realisation of the PWM switching pattern
The calculated compare values are loaded into PWM compare registers and the DSP controller updates the duty ratio at the beginning of the next PWM cycle.
Diagnosis of IM by stator currents or stator voltages spectrum analysis
Rotor failures now account for 5%-10% of total induction motor failures [9] . The classical Fast Fourier Transform (FFT) is used to realize the frequency analysis of the measured stator phase currents or voltages in order to determine the spectral signatures of rotor defects in function of the load and the type of the IM feeding by investigating the sideband components around the supplied current fundamental frequency [10] .
If the IM is fed by sinusoidal three-phase balanced voltages or by a Voltage Source Inverter (VSI) through a classical scalar control, which imposes the ratio V/f = constant, a broken or even fissured bar results in a variation of the impedance of the rotor. The immediate consequence of such an unbalance is the existence of inverse sequence currents. These currents have a frequency which is equal to the product of the slip (s) and the supply frequency (f s ). They generate a magnetic field which turns in opposite direction compared to the fundamental magnetic field. So, this magnetic field is called Inverse Magnetic Field (IMF) [10] .
In this case, the spectral analysis of stator phase's currents highlights the effect of the defect through the appearance of characteristic harmonics around the fundamental [2, 11 and 12] .
It has already been shown [4, 13] that their magnitudes increase according to the number of defective bars, their position and the load level at characteristic frequencies f defect such as:
where f defect are the sideband frequencies associated with the broken rotor bar, f s the stator voltage frequency and s is the per unit motor slip. The slip s is defined as the relative mechanical speed of the motor, m ω , with respect to the motor synchronous speed, s ω , as:
( )
On the other hand, if the IM is supplied by sinusoidal threes phases balanced currents by a converter controlled for instance by hysteresis, the magnitude and the shape of the currents are imposed to the IM in this case and the consequence of a broken rotor bar results this time in the existence of inverse sequence voltages. These voltages have a frequency which is equal to the product of the slip (s) and the current supply frequency (f s ).
The experimental results presented in the next section will confirm the need for adapting the diagnosis strategy of the rotor defects according to different supplies types of the induction machine. Indeed in function of the supplies type of the induction machine, the spectral analysis has to be applied to the phase currents and/or to the phase voltage.
In each case, the spectral analysis of the rotor speed will also be given so as to evaluate and compare with each other the impact of the same rotor default on mechanical variables in function of the feeding type [14] .
Experimental diagnosis of broken rotor bars for three different induction machine feedings

Presentation of the experimental test bench
The experimental set-up used in this study is shown on Fig. 1 . It consists of a 1.1 kW (LS 90 Leroy Somer), 220V, 50Hz, 2 poles pair squirrel cage induction machine.
The induction machine has been designed and constructed in order to simulate true faulty experiments. Different rotors, with broken bars, are used to simulate a bar breakage occurring during operation.
The different control strategies of the IM are implemented on a dSPACE card 1104 based on Motorola Power PC 603e processor (250 MHz) and Texas Instruments' TMS 320F240 DSP (20 MHz) under Simulink/Matlab ® environment. An incremental encoder of 1024 PPR is used to obtain the rotor speed measurement. And the data acquisition system has a sampling period equal to Te = 0.1ms and the measured variables (phase voltages and phase currents) are passed through a 4 th order Butterworth filter whose cut-off frequency is 500 Hz.
Fig. 2. The experimental test bench
An illustration of a faulty rotor used for the experimental tests can be seen on Fig. 3 .
Fig. 3. A rotor with two spaced broken rotor bars
In order to assure the same magnetic state of the IM and the same slip for the different IM feedings, the experimental tests are realized by checking that the consumed active and reactive power is really the same in each case (measured with a Power Quality Analyzer (Fluke 434)).
IM feeding directly through the balanced threephase voltage network
First of all, the IM is connected directly to the balanced three-phase voltage network and the nominal voltages are applied to the IM [7] . From Fig. 4 , we notice the appearance of harmonics on the normalized (in respect with the fundamental component) phase current spectrum. These harmonics have magnitude which increases according to the rise of the load level [11] [12] [13] [14] .
The frequencies values of characteristic harmonics of rotor defects given by the equation (11) and those deduced from the spectrum graphs (a) and (c) are in agreement with one another.
From graphs (b) and (d), it can be noticed through the normalized speed spectrum that harmonics around the slip frequency (and its multiples) appear. So, broken rotor bars produces mechanical disturbances, which increase with the load. At full load, the magnitude of the first speed harmonic at the slip frequency is about -58 dB, whereas it is about -65 dB at half load. When the two broken bars are spaced, the magnitude of current harmonics is reduced compared to the two adjacent broken bars and the speed harmonics are reduced as well (Fig. 5 ).
Spaced two broken bars
IM feeding through a current converter controlled by hysteresis
The principle of the induction machine feeding through a current converter controlled by hysteresis is given on Fig.6 .
The magnitude of the three phase's currents is maintained constant and the current frequency may vary.
The graph (a) of the Fig. 7 shows that the phase current is sinusoidal and in this case it turns out that phase voltage is disturbed by the broken rotor bars. Indeed, it appears on graph (b) the characteristic harmonics of the rotor defect on the voltage spectrum and their magnitude is similar to the current harmonics obtained for the direct voltage network feeding. From the speed spectrum given on graph (c), it can be deduced that rotor speed is disturbed by the two adjacent rotor broken bars on the same way for an IM feeding through the current converter or directly through the voltage network. At half load, the effect of the two adjacent broken bars is less visible on the voltage spectrum and the speed is also less disturbed by the rotor defect. Now, if two spaced broken rotor bars are considered, Fig. 9 shows that the rotor defect is once more less visible on the phase voltage spectrum than for the two adjacent broken bars and at this time the rotor speed is not affected by the defect, even if the IM is at full load.
For a Current Source Inverter, the diagnosis of broken rotor bars has to be realised through the spectral analysis of stator phase voltages, which highlights the effect of the defect thanks to the appearance of the characteristic harmonics around the fundamental.
The experimental results show that the impact of the same rotor default at the same load level on mechanical variables is nearly the same if the IM is fed by a current converter controlled by hysteresis or if the IM is fed directly through the voltage network.
IM feeding through a Scalar Control (in open loop) with V/f=constant
The V/f control, which is realised with a low cost and simple design, is advantageous in the middle to high- Fig. 11 . Control signals generated by SVPWM speed range. Its torque response depends on the electrical time constant of the motor, and adjustments of the control parameters are not needed. V/f control is the best choice for simple variable speed applications like fans the pumps and it is the more effective control in the high-speed range [15, 16] .
The scalar control principle is illustrated on Fig. 10 and the SVPWM signals are shown on Fig. 11 .
The experimental results of the diagnosis of two broken rotor bars when the IM is fed by a classical Scalar Control (imposing the ratio V/f=constant) are given below (Fig. 12,   13 and 14) . fewer harmonics. Indeed, only the first harmonic is present for the scalar control and its magnitude is nearly equal to the one obtained for the direct feeding through the voltage network ( Fig. 13 ).
IM feeding through a Vector Control with an outer speed loop
The principle vector control with speed control loop is illustrated by the Fig. 15 . The experimental results obtained for two broken rotor bars when the IM is fed by a vector control at full load and at speed 125.65 rd/s the speed is imposed by a speed closed loop which corresponds to the (40Hz) a frequency given below.
For the vector control of the IM, the speed spectrum is perfect (Fig.16c) . Since the speed loop imposes a con-stant torque in steady state, the speed controller gene-rates a deformation of the currents (Fig. 16b, Tab.1 ) so as to obtain the desired constant torque. Consequently, the voltage undergoes the same deformation (Fig. 15a) . Thus, the voltage and current spectra present very important magnitude of harmonics (due to the defect) compared to the other IM feedings.
The Frequency calculated by the expression 11 and deduced directly from the spectrum of the current Fig. 16b and the tension Fig. 16a it's into good agreement (Tab.1). 
Conclusion
Within the framework of the IM diagnosis, this paper presents an experimental study of the effect on the current, voltage and speed spectrum in function of the induction motor feeding type for two adjacent or spaced broken rotor bars. We can conclude that for the whole IM feedings, the effect of two adjacent broken bars is more important than the one obtained for two spaced broken bars. And the IM diagnosis of rotor defects should be realized through stator phase current spectrum analysis for a voltage feeding and through stator phase voltage spectrum analysis for a current feeding.
For the three different open loop supplies, the effect of broken bars generates the same speed ripples. How-ever for the balanced three-phase voltage network, there is a lower noise level on the spectra of currents and speed. This property leads to more visible characteristic harmonics of the rotor default in this case than for an IM fed through a power converter, even if the tests are carried out with the same active and reactive powers, and thus the same slip. It should also be noted that the IM feeding through a current converter controlled by hysteresis is not easy to realize because the operating becomes rapidly the unstable for important torques.
For the position of the rotor broken bars, we can conclude that: in the case of two adjacent broken bars, the number and the magnitude of the harmonics are more sig-nificant than in the case of two spaced broken bars, this effect is as much less visible than spacing bet-ween the rotor broken bars tends to the diametrical range. For the effect under different types of AC sources supplying, we can say that: the introduction of the feeding by the inverter, controlled by modulation SPWM, improves quality of the voltage form compared to the control by hysteresis and the diagnosis of the fault is equivalent with that the machine is supplied directly by the network. On the other hand, the introduction of a return loop on speed does not allow possible to see the appearance of the harmonics fault (machine with a vector control). It should be noticed that in the presence of broken bars, the speed spectrum is perfect, even if on the contrary the electric quantities (phase currents and voltages) are more affected. 
Appendix
